Type-2 Diabetes Mellitus (T2DM) is a common disease in the Western world. Hyperinsulinemia, hyperlipidemia and vascular inflammation are among the multitude of dysregulations in the Metabolic X Syndrome. Vascular remodeling, occlusion and rupture are effects of the inflammatory events. These events follow cellular increases in expression of cellular adhesion molecules, adhesion of soluble vascular monocytes, their transmigration to the intima of vessels and eventual expression of inflammatory cytokines. Here we show that hyperphysiological concentrations of insulin and tumor necrosis factor-alpha (TNFα) increase both total and cell surface Vascular Cell Adhesion Molecule-1 (VCAM-1) in rat aorta endothelial cells (RAEC) and these actions are in part regulated by the mitogenactivated protein kinases ERK5 and p38. RAEC transfected with RNAi plasmids of ERK5 and p38 and subsequently stimulated with insulin or TNFα alone or in combination exhibited significant decreases in total and cell surface VCAM-1. Western-blot analysis, flow cytometry and confocal microscopy all indicate that ERK5 and p38 MAp kinases are positive regulators of insulin and TNFα stimulated VCAM-1 expression.
Introduction
Atherosclerosis is a major consequence of vascular dysfunction and in part leads to vascular smooth cell proliferation, lack of vascular compliance, endothelial cell remodeling, and vascular inflammatory events. One particular characteristic of endothelial pathology is the increased expression of cellular adhesion molecules (CAMs) at the surface of endothelial cells, which are located at the margins of the intima of the vessels [1] [2] [3] .
Although insulin is considered to be anti-atherogenic [4] other studies have indicated that long-term (i.e., chronic) insulin resistance accompanied by hyperinsulinemia contributes to the pathogenesis of atherosclerosis. The prolonged effects of insulin resistance are exhibited in part by the presence of inflammatory cytokines, which in turn significantly increase the expression of CAMs [5] [6] [7] [8] [9] [10] . Tumor Necrosis Factor-alpha (TNFα) is one such cytokine. TNFα is secreted by mature macrophages during the progression of atherosclerosis, and is linked to insulin resistance and the production of cell surface molecules on endothelial cells such as Vascular Cellular Adhesion Molecule (VCAM-1) [11] [12] [13] .
The intracellular effects of insulin and TNFα bring us to the question: which intracellular events that are associated with atherosclerosis are mediated by the major intracellular kinase pathways such as extracellular signal-regulated kinases-1/2 (ERK-1/2), c-jun N-terminal kinases (JNK), p38 kinase, ERK5 and the canonical metabolic pathway, phosphatidylinositol-3 kinase (PI3K). Specifically, which ones of these kinases mediate insulin and TNFα− stimulated increases or decreases in expression of VCAM-1 is a question in this study.
We have previously measured the changes in VCAM-1 expression in the presence of insulin and TNFα. Additionally, we have previously observed insulin and TNFα stimulated VCAM-1 expression in the presence of inhibitory RNA of ERK2 and Akt. In this study, we wanted to determine the effects of insulin and TNFα in the presence of RNA interference (RNAi) with respect to ERK5 and p38. Here we report that (1) insulin and TNFα individually stimulated total and surface protein expression of VCAM-1 in Rat Aorta Vascular Endothelial Cells (RAVEC) greater than that seen in negative controls, (2) expression of RNAi ERK5 or p38 alone caused a significant (P < 0.05) decrease in insulin or TNFα-stimulated VCAM-1 expression as compared to control cells, and (3) expression of RNAi ERK5 followed by expression of RNAi p38 caused a significant (P < 0.05) decrease of insulin and TNFα-stimulated VCAM-1 expression greater than that seen with RNAi of either alone.
Page -02
ISSN: 2475-5591 blot accessories were from GE Healthcare/Amersham (Piscataway, NJ). Rat aorta vascular endothelial cells (RAEC) (CRL-1444) were from ATCC (Manassas, VA) and culture medium was from Life Technologies (Grand Island, NY).
Transfection medium (sc-108062) and transfection reagent (sc-108061) were from Santa Cruz (Dallas, TX) ERK5 shRNA (K447075P, 336314) and p38 shRNA (KR52703P, 336314) were obtained from SA Biosciences/Qiagen (ThermoFisher) Valencia, CA.
Cell culturing
RAEC were cultured in complete growth medium (CGM) [DMEM with 4 mM L-glutamine, 4.5 g/L-glucose and 1.5 g/L sodium bicarbonate) and supplemented with 10% heat-inactivated fetal bovine serum (HI-FBS) (10438-026) (Life Technologies, Grand Island, NY) and 1% Antimycotic-Antibiotic solution (15240-062) (Life Technologies) and cultured at 37 °C, 5% CO 2 atmosphere.
Preparation of shRNA stable cell lines
RAEC were grown to 50-70% confluence in CGM in 6-well culture plates. Cells were transfected with either shERK5 inhibitory plasmids 1-4, shp38 inhibitory plasmids 1-4, or control scrambled plasmids as previously described [14] . RNAi was delivered to cells via a transfection solution (medium and reagent) as per vendor's protocol. Mock transfections were completed by incubating cells in the transfection solution minus any RNAi and were designated as "vehicle". Cells were incubated in CGM containing 2 µg/mL of Puromycin (Sigma-Aldrich) for 2-3 weeks for selection of Puromycin resistant transformants.
Dual transfection of stable cell lines
To examine the effect of simultaneous ERK5 and p38 knockdown on VCAM-1 expression, the ERK5 shRNA stable cell line (ERK5 KD) was transiently transfected with shp38 plasmid and the p38 shRNA stable cell line (p38 KD) was transiently transfected with the shERK5 plasmid. These two protocols were carried out in order to see if any difference occurred with respect to transfection sequence. Stable cell lines were transiently transfected with shRNA plasmid DNA as described above and incubated for 5 hr with the DNA transfection mix. Subsequently the transfection mix was aspirated and replaced with 2.0 mL CGM. Stimulation of cells by insulin and/or TNFα occurred 48 hours after transient transfection was accomplished.
Stimulation of VCAM-1 expression
RAEC were cultured in CGM, whereas shRNA stable cell lines (e.g. ERK2 KD and p38 KD) were cultured in CGM containing 2 µg/ mL Puromycin until assays were performed. After incubating the transfected cells for an additional 48 hr, the cells were stimulated with or without TNFα (10 ng/mL) and in the presence or absence of insulin (10 nM). Doses of TNFα and insulin have been previously determined using dose-response and time-course curves.
Thereafter, cells were evaluated for VCAM-1 expression as previously described [14] . Briefly, TNFα stimulation occurred over a total of 6 hr, within such time the cells were stimulated with insulin for 1 hr.
Western blot analysis
Sodium Dodecyl Sulfate Polyacrylamide Electrophoresis was performed on cleared lysates. Western blot analysis was subsequently performed as previously described [14] , with the following differences. After completion of protein transfer, membranes were washed in ultra-pure water for 5 min. Membranes were then incubated in 3% non-fat milk (milk) in Tris-buffered Saline (TBS) blocking solution for 1 hr at room temperature and then incubated with a designated primary antibody solution (1:1000 in 3% milk/TBS-T) overnight at 4 °C. Membranes were washed 4 times with TBS plus Tween (TBS-T) for 5 min at room temperature and then incubated with a goat anti-rabbit secondary antibody (1:5000 in 3% milk/ TBS-T) conjugated to fluorochrome IR680RD for 1 hour at room temperature. Membranes were washed 4 times with TBS-T for 5 min each time at room temperature and then incubated with a rabbit antitubulin primary antibody solution (1:1000 in 3% milk/TBS-T) for 3 hr at room temperature. After washing the membranes for 4 times with TBS-T, the membranes were again incubated with a goat antirabbit secondary antibody (1:5000 in 3% milk/TBS-T) conjugated to fluorochrome IR680RD for 1 hour at room temperature. The membranes were washed 4 times with TBS-T and allowed to dry before performing densitometry. Densitometry was performed using an Odyssey Licor system (Lincoln, NE). Alpha-tubulin or actin protein was used to normalize VCAM-1 signals.
Flow cytometry
Non-transfected RAEC was controls. Stably transfected RAEC ERK5 knockdown (ERK5 KD) and p38 knockdown (p38 KD) cell lines were inoculated into 6-well tissue culture dishes, transiently transfected with vehicle or shp38 or shERK5 plasmids, respectively, and stimulated with insulin, TNFα, or combined insulin and TNFα as described above. The cells were washed twice with 2 mL of 1X PBS (Gibco). The PBS was aspirated and 0.5 mL of Cell Dissociation Solution Non-Enzymatic (Sigma-Aldrich) was added to each well. After incubating the cells at 37 °C and 5% CO 2 for 30 min, 1 mL of 1% Bovine Serum Albumin (BSA, Sigma-Aldrich) in PBS was added to the cells and then were gently triturated into a single cell suspension. The cells were transferred to 5 mL Falcon polystyrene round bottom tubes (Thermo Scientific) and centrifuged at 500 x g for 5 min. After aspirating the supernatants, the cells were resuspended in mL 1% BSA, pelleted at 500 x g by centrifugation, and the supernatants removed by aspiration. The cells were resuspended in 200 µL of 1% BSA. Two microliters of DyLight 488-conjugated anti-VCAM-1 antibody (Life Technologies, Grand Island, New York) were added to each tube and the cells were resuspended by vortexing. The cells were incubated in the dark for 30 min at room temperature. The cells were centrifuged, washed twice with 3 mL 1% BSA and resuspended in 200 µL of 1% paraformaldehyde (PFA, Electron Microscopy Sciences, Hatfield, PA). After incubating the cells for 5 min at room temperature, the cells were diluted with an additional 300 µL of PBS and analyzed using flow cytometry. The experiments were run on a BD LSRII (BD Biosciences, San Jose, CA). MFI and gating percentages as part of data analysis was done using BD FACS Diva v6 software.
Chamber slide cell preparation
Page -03 ISSN: 2475-5591 to the cells. ERK5 KD and p38 KD were either mock transfected, or transiently transfected with shp38 or shERK5, respectively for 48 hours. Cells were then treated with either vehicle [Santa Cruz's transfection reagent and medium combination (as per vendor's DNA transfection protocol)], 10 ng/mL TNFα or insulin (10 nM) alone or in combination. The medium was aspirated and the cells were washed three times with PBS and then incubated in 400 µL of 4% paraformaldehyde in PBS for 30 minutes at room temperature. The medium was aspirated and washed three times with 1 mL of PBS. The final PBS wash was aspirated and 400 µL of a 1:1000 DyLight anti-VCAM-1 antibody solution in 1% BSA was added to each chamber and incubated for 30 minutes at room temperature. The cells were then washed three times with 500 µL of 1% BSA. The chamber walls were removed and one drop of DAPI Mounting Medium was added to each group of cells on the slide. Cells were then sealed with a glass cover slip using clear nail polish. Slides were kept in a dark refrigerator until microscopic visualization.
Confocal microscopy
Cells were imaged with a Leica TSC SP8X white light laser scanning confocal microscope (Leica Microsystems GmbH. Ernst-Leitz-Straße 17-37 Wetzlar, 35578 Germany). All image acquisitions were carried out using the Leica Application Suite X (version 1.1.0.12420, LASX AF). Excitation of the DAPI channel was accomplished using a 405 nm diode laser with an excitation intensity level of 2.67%. Emission signal was captured with standard PMT Channel 1 and an emission gap of 430 nm-480 nm. The Leica Supercontinuum white light excitation laser line (488nm) with 3% intensity level was used to for Alexa fluor 488. Emission signals were captured with the Leica HyD 2 detector (Hybird 2 PMT) with an emission gap of 505 nm-555 nm.
Data analysis
Data were analyzed by either unpaired Student's t test (two groups) or ANOVA with subsequent Tukey post hoc test (several groups) as indicated. A "P" value of less than 0.05 was considered significant. Results were expressed as the Mean ± Standard Error of the Mean (SEM) of three or more independent experiments.
Results
Since we previously investigated the intracellular expression of total VCAM-1 protein in the presence of insulin and/or TNFα [15] , we extended our studies by examining the changes in expression of VCAM-1 both in total protein and at the cell surface in the presence of knockdown ERK5 (ERK5 KD) and p38 cell lines (p38 KD).
In order to measure changes in VCAM-1 expression in ERK5 KD and p38 KD cells, we first needed to determine whether or not cells transfected with shERK5 and shp38 plasmid constructs could significantly decrease ERK5 and p38 protein, respectively. Using short hairpin (sh) plasmid clones, we observed that clone #1 of shERK5 and clone #1 of shp38 significantly (P < 0.05) decreased their respective endogenous proteins 38% and 27%, respectively (Figure 1 ). Using the most effective clone for each kinase, we then transfected RAEC with the appropriate clones and then treated the cells with insulin (10 nM, 1 h) or TNFα (10 ng/mL, 6 h) alone or in combination and thereafter measured changes in total VCAM-1 protein using Western blot analyses (Figure 2) . In order to verify that transient transfection of shp38 decreased p38 protein in ERK KD cells, we transfected stable ERK5 KD cells with shp38. Amounts of ERK5 and p38 were analyzed at 48 hours after shp38 transfection (Figure 2A) . In cells treated with insulin alone, we observed that ERK5 KD and ERK5 KD plus shp38 significantly (P < 0.05) decreased total VCAM-1 protein as compared to insulin-stimulated positive controls ( Figure 2B ). In contrast, cells treated with TNFα alone and transfected with either ERK5 KD alone or ERK5 KD plus shp38 exhibited a decrease of 43% and 68%, respectively, compared to positive controls (cells not transfected with shRNA) ( Figure 2C ). Likewise, ERK5 KD and ERK5 KD plus shp38 cells treated with insulin plus TNFα exhibited a decrease of 30% and 50%, respectively, in VCAM-1 protein as compared to positive, nontransfected controls.
Since changes in total cellular protein are not always reflected in changes in protein levels at the cell surface, we decided to measure VCAM-1 protein at the cell surface via flow cytometry (Figure 3 ). Repeating our first experiment in mock transfected RAEC along with stable ERK KD and transiently transfected shp38 cells, we observed that surface VCAM-1 of ERK5 KD cells decreased 28% in the presence of TNFα alone and 39% in the presence of insulin plus TNFα ( Figure 3A ) as compared to positive controls. In comparison, ERK5 KD plus shp38 cells demonstrate a 32% decrease in VCAM-1 in TNFα stimulated cells and 38% in insulin plus TNFα treated cells.
In a side-by-side comparison to ERK5 KD ± shp38 cells, we determined surface VCAM-1 in cells of p38 KD and p38 KD plus shERK5 ( Figure 3B ). Interestingly, in insulin-treated p38 KD cells, there was a decrease of 37% VCAM-1 as compared to positive controls, but no statistically significant difference for p38 KD + shERK5 cells. In contrast, cells stimulated with TNFα alone exhibited a decrease in VCAM-1 surface expression of 17% and 36% in p38 KD and p38 KD + shRK5 cells, respectively, while cells stimulated with insulin plus TNFα exhibited a 21% and 23% decrease in surface VCAM-1in p38 KD and p38 KD + shERK5, respectively.
Finally, to corroborate the changes in VCAM-1 expression observed in flow cytometry studies, we performed confocal microscopy (Figure 4) . ERK5 KD or p38 KD transfected cells, or the combination (i.e. ERK5 KD plus shp38 or p38 KD plus shERK5) exhibited decreased VCAM-1 expression at the cell surface compared to positive control cells, thus supporting the experiments of flow cytometry.
Discussion
Type-2 Diabetes Mellitus (T2DM) is a syndrome of multiple disorders that starts with insulin resistance and eventually leads to a multitude of pathologies. Vascular complications are the most prevalent pathology found associated with T2DM. Insulin resistance and hyperinsulinemia are risk factors for cardiovascular disease (CVD) [16, 17] , which in time and unrestricted will lead to morbidity and mortality. Inflammation of the vasculature is associated with T2DM and the expression of cellular adhesion molecules such as VCAM-1, which is upregulated in the state of insulin resistance and hyperinsulinemia [15] leads to the exacerbation of this syndrome.
Although the serum milieu, which is external to the endothelial cell is important to the overall condition of the blood, blood-borne hormones and cytokines have profound effects on the internal events of vascular cells. When these external signals are transduced into the cells via cell surface receptors and these signals are then conveyed from cell membrane to internal cellular targets via kinase pathways. We report here that ERK5 and p38 appear to be important mediators of insulin and TNFα-stimulated VCAM-1 expression. We show here that when ERK5 or p38 kinase is downregulated in rat aorta endothelial cells via RNAi interference, there is a significant (P < 0.05) decrease in insulin and TNFα stimulated total and surface VCAM-1 expression. Additionally, when both ERK5 and p38 kinases are downregulated, there is even a greater and significant (P < 0.05) decrease in VCAM-1 protein both at the cell surface and in the cytoplasm.
The putative mechanism for this phenomenon may lie in three loci of the cell: (1) the receptors for insulin and TNFα, (2) their respective proximal kinase mediators and (3) common junctions downstream of the upstream mediators. There appears to be no promiscuity between insulin and TNFα for the other's receptor. Thus, this establishes a scenario for an additive effect of these two pathways on downstream events. The proximal effector molecule of the insulin receptor is Ras, whereas Tumor necrosis factor receptor type 1-associated DEATH domain protein (TRADD) is the effector molecule for the TNFα receptor. Yet, downstream of these adaptor proteins are their proximal kinases of the MAP kinase superfamily. We suggest that the kinases involved in this scenario are ERK5 for the insulin receptor and Mitogen -Activated Protein 2-Kinase-3 (MAP2K3) and MAP3K7 for the TNFα receptor. The convergence point of these distal and diverse kinases pathways is the canonical inflammatory intermediate Nuclear Factor kappa-B (NFκB). Parallel to these kinase signal pathways is the MAP2K4-mediated pathway which converges with others to its target, p38 kinase. Both activated NFκB and p38 kinase translocate from the cytoplasm to the nucleus and bind there cognate response elements, upregulating gene expression.
What is surprising in this study is the lack of potentiation of insulin on TNFα-stimulated VCAM-1 expression (Figures 2 and 3) . One could speculate that with two different pathways and upstream effectors of NFκB that signaling from one receptor would augment that seen from the other. Yet, this was not demonstrated in this study. Two possible explanations may be proffered here: (1) the concentrations of insulin and TNFα in these experiments are superphysiological and therefore no potentiation can occur, or (2) the length of time for insulin and TNFα to stimulate the cells did not mimic patho-physiologic parameters; that is, long-term chronic conditions. Future studies are forthcoming in order to tease out these anomalies. Different combination of doses and longer time points may be necessary to reach the expected potentiation of insulin on TNFα-stimulated VCAM-1 expression.
Inflammation of the vasculature is associated with T2DM and the expression of cellular adhesion molecules on the surface of vascular endothelial cells. VCAM-1 is one such adhesion molecule. TNFα is a well characterized inflammatory cytokine and its presence is robustly correlated with atherogenesis [7, 18] . In contrast, insulin's role in atherogenesis is hotly debated. Some contend that insulin stimulates an increase in nitric oxide (NO) and a decrease in systemic inflammation [4, 19] , both of which appear to inhibit atherogenesis. Others argue that insulin, especially hyperinsulinemia, increases the production of endothelial and vascular smooth muscle cells, adding to the development of atherosclerotic plaques [20, 21] .
Previous studies have demonstrated that (1) hyperinsulinemia is positively associated with atherosclerosis [22] [23] [24] , (2) CAM expression is linked to inflammatory conditions and atherosclerosis [25, 26] and (3) insulin resistance and hyperinsulinemia contribute to increased expression of TNFα with subsequent increased expression of VCAM-1 [27] .
Yet, the two sides are not incompatible since insulin appears to have multiple effects. At physiologic concentrations, insulin has a vaso-protective effect [4] . However, at higher than physiologic concentrations, chronic hyperinsulinemia appears to have a detrimental effect by enhancing the effects of deleterious cytokines. In addition, previous reports demonstrate that high physiologic insulin levels may inhibit endothelial progenitor cell proliferation [28, 29] .
Finally, others have demonstrated that hyperphysiologic insulin appears to augment more potent growth factors such as plateletderived growth factor [11, 30] , thus contributing to destructive effects on the endothelium.
Although expression of VCAM-1 and its cousin Interstitial Adhesion Molecule-1 (ICAM-1) appear to increase in expression within the context of insulin resistance and hyperinsulinemia, VCAM-1 may play a more dominant role in atherosclerosis than ICAM-1 [12] . One possible mechanism for increased expression of CAMs is based on the observation that insulin may prepare cells to be more responsive to potent cytokines, which in turn complements the insulin resistant state and thereby increases more CAM expression [31] .
We have shown in this study that high-physiological concentrations of insulin and TNFα increase the expression of VCAM-1 in RAEC. In contrast, RAEC stably transfected with shERK5 and shp38, exhibit decreased amounts of VCAM-1 expression compared to positive controls. These results suggest that ERK5 and p38 are positive regulators of VCAM-1 expression and their decreased expression results in decreased total and surface VCAM-1 expression ( Figure 5 ).
The path from cytokine to intracellular kinase pathway has always been intriguing and this study is no exception. In this study, it appears that the downregulation of both ERK5 and p38 contribute to observed decreases in total and surface VCAM-1 expression in rat aorta endothelial cells. "Cross talk" between different intracellular kinases has profound effects on internal events within the cell. While it appears that the cell has redundant pathways, all are necessary in order to maintain the equilibrium of the cell.
